Introduction
Reactive nitrogen in the world's oceans plays a key role in governing biological productivity in the water column. The largest pool of nitrogen in the biosphere, Air-N 2 , is unavailable to most organisms, and is only introduced to marine systems by nitrogen fixation. Hence, the marine nitrogen cycle in the open ocean is driven by the interplay of this primary source of reactive nitrogen and its two major sinks, anammox and denitrification, which both create N 2 and remove reactive nitrogen from the marine system (e.g., Voss and Montoya, 2009; Altabet, 2007; Galloway et al., 2004) .
Stable isotope budgets greatly aid in assessing the turnover of this bioavailable nitrogen on both local and global scales (Brandes and Devol, 2002; Altabet et al., 2002 ). An important prerequisite when using stable nitrogen isotopes to define the global nitrogen budget is that the isotope fractionation factors of each of these processes are adequately assessed and validated. Nitrate, the predominant form of dissolved nitrogen in the open ocean, has an average stable isotope value of approximately 5 ‰ (e.g., Sigman et al., 2000) ( Fig. 1) .
This average value is determined by the interplay of nitrogen fixation on the one and denitrification (here referring to the microbial respiration of nitrate via N 2 O to N 2 ) and anammox (bacterial comproportionation of nitrite and ammonium to N 2 ) on the other side. Most biological turnover processes discriminate the heavier versus the lighter isotope, leading to a slightly faster turnover of light 14 N in comparison to 15 N. Dinitrogen fixation has a small isotope effect (Delwiche and Steyn, 1970) , and forms light organic matter with an isotope value of ∼ −2 to +2 ‰, which, upon complete remineralization and oxidation, lowers the average δ 15 N NO 3 value in the open ocean (e.g., Montoya et al., 2002; Emeis et al., 2010) . On the other hand, denitrification in anoxic water bodies has a large isotope effect of ∼ −25 ‰ (e.g., Brandes et al., 1998;  Voss et al. 2001) . To date, little is known about the isotope fractionation of anammox in the water column, but it is generally assumed that anammox, just like denitrification, coincides with considerable, possibly similar, isotope fractionation (Naqvi et al., 2006) .
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However, barring the uncertainty regarding the isotope effect of anammox in the water column, another challenge of the isotope approach is that the isotope effect also depends on environmental conditions. Both denitrification and anammox also occur in marine sediments, with an estimated sedimentary contribution of ∼ 44 % to total global denitrification (Seitzinger et al., 2006) . The apparent isotope fractionation in sedimentary denitrification is commonly believed to be much less pronounced than in the water column (e.g., Sigman et al., 2009; Lehmann et al., 2003) . Studies in marine deep sea sediments have shown that sedimentary denitrification leads to enrichment of pore water nitrate, but this nitrate does not reach the water column, thus leaving little to no isotopic imprint on the water column nitrate inventory (Lehmann et al., 2007) .
Studies addressing this issue, though, addressed deep-sea sediments, and the main objective of the present study was to test this hypothesis in more reactive coastal sediments, in order to further elucidate the dynamics of sedimentary denitrification. Specifically, we wanted to investigate the intrinsic fractionation effect in sediments, and aimed to unravel isotope fractionation of both nitrate and nitrite reduction.
Study site
The time series station Boknis Eck (54 • 31 N, 10 • 02 E) is located in the coastal Baltic Sea, at the entrance of Eckernförde Bay (northern Germany). Despite its proximity to the coast, discharge from land is negligible at this site, and the hydrographic setting is typical for the southwestern Baltic Sea . Due to the mixing of saline North Sea water masses with fresher Baltic Sea water, the station experiences a seasonal stratification, coinciding with pronounced hypoxia and occasional anoxia in bottom waters.
Sediments in Boknis Eck contain 4-5 wt % organic matter (Whiticar, 2002; Treude et al., 2005) , making it a likely site for heterotrophic processes like denitrification. The sedimentation rate is high between 0.3 and 1 cm yr −1 (Nittrouer et al., 1998) . The study site is characterized by muddy, very fluffy sediments, with porosities of up to 0.92 in the upper 3 to 4 cm (Treude et al., 2005; Orsi et al., 1996) .
Materials and methods

Sampling and sediment incubation
Samples were taken on 26 April 2010 at the Boknis Eck Time Series study site with the R/V Alkor. As part of the routine monthly monitoring at this site, water samples were taken in 5 m intervals and analyzed, among other parameters, for O 2 and DIN (dissolved inorganic nitrogen) concentration using standard colorimetric procedures (Grasshoff et al., 1999) . Subsamples of these water column samples were filtered (GF/F, precombusted at 450 • C for 5 h) and stored frozen (−18 • C) for later isotope analysis, which was possible in samples with [NO − 3 ] > 1 µM. Additionally to the routine water sampling, sediment samples were taken the same day with a multicorer with 10 cm diameter core liners. Water depth at the station was 27.8 m, bottom water temperature 5.5 • C, and salinity in the overlying water 20.5.
Overlying water was removed from the cores, and the oxidized ∼ 0.5 cm-thick top layer of sediment (the boundary of which was indicated by the appearance of black iron sulfides in subsurface layers) was scraped off and transferred into a beaker for subsequent use in the sediment incubations. This surface sediment was carefully homogenized and continually stirred while 180 ml were aliquoted into each of two oxygen-impermeable polypropylene bags. After a preincubation (overnight at 6.7 • C) to remove all ambient nitrate, sediment in these bags was spiked with a 25 mM nitrate solution (δ 15 N = 0.1 ‰, δ 18 O = 24.2 ‰), aiming for a final concentration of ∼ 120 µM. The incubation bags were then immediately closed and homogenized thoroughly to ensure even nitrate distribution.
During the incubation, the sediment incubation bags were kept cool in insulated boxes. At distinct time intervals, 30 mL of homogenized sediment were transferred into 50 mL Falcon tubes. Care was taken to not let any ambient air enter the bags, which were closed again immediately after sampling. The samples were immediately centrifuged (7 min, 4400 g, 4 • C) to extract pore water from the slurries. Overlying water was filtered (GFF) and frozen immediately for later on-shore analysis of nutrient concentration and nitrogen isotope values.
Nutrient analysis
Nutrients from bag incubations were analyzed manually. Nitrite was analyzed using standard colorimetric methods (Grasshoff et al., 1999) . Nitrate + nitrite concentrations were determined by vanadium chloride reduction and subsequent NO x analysis (NO x analyzer model 42c; Thermo Environmental Instruments, Inc., Franklin, MA), based on the method by Braman and Hendrix (1989) . Nitrate concentration was calculated by difference. Ammonium concentrations were measured manually in a flow-through system where ammonium concentration was detected via changes in conductivity, following the method of Hall and Aller (1992) .
Nitrate isotope analysis
δ 15 N and δ 18 O of nitrate were determined with the denitrifier method (Sigman et al., 2001; Casciotti et al., 2002) . In brief, water samples were injected into a suspension of Pseudomonas aureofaciens (ATCC#13985) for combined analysis of δ 15 N and δ 18 O. Nitrate and nitrite in water samples are quantitatively converted to N 2 O gas, which is stripped from the vials by purging with helium, concentrated and purified on a GasBench II and analyzed on a Delta V mass spectrometer (Thermo Finnigan). We performed replicate measurements, and two international standards (IAEA-N3, δ 15 N = 4.7 ‰, δ 18 O = 25.6 ‰) and USGS 34 (δ 15 N = −1.8 ‰, δ 18 O = −27.9 ‰, Böhlke et al., 2003) were measured with each batch of samples. To correct for exchange with oxygen atoms from water, we applied a bracketing correction (Sigman et al., 2009) . For further quality assurance of the results, we used an internal potassium nitrate standard that was measured with each batch of samples.
δ 15 N values showed reproducibility within the standard deviation of measurements. The standard deviation for international and in-house standards was 0.2 ‰ for δ 15 N and 0.5 ‰ for δ 18 O (n = 5); deviations for replicate samples were in the same range or better.
Furthermore, the oxygen and nitrogen isotope values were corrected for the contribution of nitrite according to the following formula:
where δ and c are isotope values and concentration of the individual components, respectively.
Nitrite isotope analysis
δ 15 N NO 2 was analyzed according to Böhlke et al. (2007) . In brief, nitrite is selectively reduced to N 2 O by Stenotrophomonas nitritireducens (supplied by Nils Risgaard-Petersen). Further extraction procedures are the same as for nitrate isotope determination. For calibration, we used two in-house nitrite standards with known δ 15 N NO 2 values of −82.3 ‰ (NO2-HZG1) and −27.6 ‰ (NO2-HZG2) vs. Air-N 2 , determined independently with an elemental analyzer (Flash EA 1112) coupled to an isotope ratio mass spectrometer (Thermo Finnigan Delta Plus XP). For δ 15 N NO 2 , the standard deviation of our measurements was better than 0.6 ‰ (n = 5). While this method allows for a simultaneous determination of oxygen isotopes in nitrite (standard deviation was below 0.5 ‰ in our analyses), nitrite oxygen exchanges with ambient water within days to weeks (Casciotti et al., 2007; Böhlke et al., 2007) and thus offers no further information on biogeochemical processes in the experiment. Nevertheless, δ 18 O NO 2 values are indispensable; as they are needed for correction of nitrate isotope data (see above).
Results
Water column properties
DIN and O 2 concentrations in the water column were measured as part of the continuous monitoring at Boknis Eck, and results have been published elsewhere . Here, they are only mentioned briefly where they relate to this investigation.
At the time of sampling, the entire water column was oxygenated, with minimum [O 2 ] of 232.9 µM in 25 m depth. DIN concentrations increased with water depth (Fig. 2) , with ammonium and nitrate concentration rising above 1 µM below 15 m water depth. Nitrate and nitrite concentrations in bottom water were 2.2 and 0.17 µM, respectively, where [NH
We measured nitrate isotopes in bottom water (25 m depth) and found isotope values of 7.7 ‰ and 13.5 ‰ in δ 15 N NO 3 and δ 18 O NO 3 , respectively (data not shown in plots); lower nitrate concentrations from surface water yielded unacceptable standard deviations.
DIN concentrations and isotopes in sediment incubations
Over the course of the incubations, nitrate concentrations decreased at a rate of ∼ 87 nmol cm −3 h −1 (Fig. 3a) , slowing slightly towards the end of the incubation. The parallel assays were very well comparable with ammonium concentrations initially at 75 µM (average of the two incubations), increasing steadily to 89.5 µM after 90 min. This corresponds to an ammonium release of ∼ 11 nmol N cm −3 h −1 . Nitrite concentrations remained stable at 2 ± 0.1 µM throughout the entire experiment. Both nitrite and nitrate isotope signatures increased over time as nitrate turnover proceeded (Fig. 3b) . Initial nitrate Nitrite isotope data are not as consistent between the parallel incubations, with initial values (i.e., 3 to 4 min after substrate addition) varying between −14.7 ‰ and −0.9 % for δ 15 N. After 8 min (t1), δ 15 N NO 2 values in the incubations were again comparable at an average of −12.7 ‰, increasing steadily with time to 35.4 ‰ (mean of both incubations) at the end of the experiment. Overall, δ 15 N NO 2 closely followed δ 15 N NO 3 throughout the experiment (Fig. 3b) .
Isotope effects for oxygen and nitrogen in nitrate were derived from the linearization of Rayleigh model plots, according to Mariotti et al. (1981) :
where f denotes the fraction of the initial substrate, i.e., nitrate, added. We found fractionation factors of ε 15 = 18.9 ± 0.9 ‰ and ε 18 = 15.8 ± 0.7 ‰ for nitrate nitrogen and oxygen, respectively and saw no indications of a change in the slopes as nitrate was depleted (Fig. 4) . As there is no net change in nitrite concentration over the course of the incubation, the isotope effect of nitrite isotope values was calculated based on the decrease of nitrate concentrations. The computed isotope effect is comparable to that of nitrogen in nitrate, 18.0 ± 1.4 ‰ (Fig. 4) . The offset between nitrate and nitrite isotope values is nearly constant at ∼ 14 ‰ throughout most of the experiment, with almost identical nitrate and nitrite isotope values only at the very beginning of one incubation assay.
Discussion
Nitrate consumption in sediment incubations
The nitrate concentration in the anoxic incubations decreased rapidly, by an average of 140 µM over 90 min with no accumulation of nitrite. Potential processes for nitrate and nitrite reduction are anammox, denitrification and dissimilatory nitrate reduction to ammonium (DNRA). Anammox was likely not of any importance. We did not detect any anaerobic oxidation after addition of nitrate and 15 N-labeled ammonium to homogenized sediment samples from this site in October 2009 (unpublished results), consistent with observations that this process typically contributes less than 10 % to N 2 production or 5 % of nitrite reduction in organic-rich coastal sediments (Thamdrup and Dalsgard, 2002; Thamdrup, 2012) . Furthermore, the rate of nitrate + nitrite consumption was 5-fold higher than the highest rate of anammox so far reported from marine sediments (Trimmer and Engström, 2011) .
The low ratio of ammonium accumulation to nitrate reduction also constrains DNRA to a minor potential role. Assuming an adsorption coefficient of 1.3 for ammonium as in other coastal marine sediments (Berner, 1980; Mackin and Aller, 1984) , the accumulation of 14.5 µM ammonium in the pore water corresponds to the release of (14.5 · [1 + 1.3] =) 33 µM ammonium in total, or 24 % of the nitrate reduction, as a maximum contribution of DNRA. Ammonium also accumulates due to mineralization, and the mineralization of detritus of Redfieldian composition coupled to the denitrification of 140 µM nitrate would release (140 · 5C/4N · 16/106 =) 26 µM ammonium. Thus, most of the ammonium accumulation was likely sourced by mineralization. We thus conclude that nitrate removal in the homogenized sediment from Boknis Eck is strongly dominated by rapid denitrification.
This nitrate removal via heterotrophic denitrification occurred at a rate of ∼ 87 nmol cm −3 h −1 , which is in the range of other shallow coastal sediments (Dalsgaard et al., 2005; Trimmer and Engström, 2011 and references therein) . For example, Trimmer at al. (2003) found nitrate removal rates between 40 and 110 nmol cm −3 h −1 in sediments from the outer reach of the nitrate-rich Thames estuary, which agrees well with our data from Eckernförde Bay. 
The nature and isotope effect of nitrate reduction
Water column denitrification significantly favors light nitrogen isotopes over heavier ones, resulting in a fractionation of ∼ 25 ‰ for both nitrogen and oxygen atoms in nitrate in the marine environment (e.g., Brandes et al., 1998; Granger et al., 2008; Voss et al., 2001) . In sediments, the reaction rate is limited by diffusion, and, accordingly, this fractionation effect is not visible in the apparent fractionation during sedimentary denitrification (e.g., Brandes and Devol, 2002) . Recent studies (Lehmann et al., 2007; Alkhatib et al., 2012) propose that the intrinsic isotope effect of denitrification in sediments is comparable to that of water column denitrification.
Our experiment yields a fractionation factor of ε 15 = 18.9 ‰, which is on the low end of isotope effects reported for water column denitrification in the ocean's oxygen minimum zones (Voss et al., 2001; , and comparable to that measured in cultures of different denitrifying bacteria (Granger et al., 2008) . It also agrees well with the range estimated from modeling of pore water distributions in deep-sea sediments (11-30 ‰; Lehman et al., 2007) , thus supporting that intrinsic fractionation factors in marine sediments are within this range. We also found considerable enrichment in δ 18 O NO 3 , with a fractionation factor of 15.8 ‰. Both in culture (Granger et al., 2008) and in nature (e.g., Sigman et al., 2005) , denitrification follows a fractionation of 1 : 1 for ε 18 /ε 15 . To date, δ 18 O fractionation during sediment denitrification has received little attention, mainly due to analytical limitations, but the general assumption is that the intrinsic isotope effects for both elements are comparable to that of water column denitrification, while restricted to the sediment pore water only (Wankel et al., 2009) . In a recent dual nitrate isotope study on sediment denitrification off the coast of California, Prokopenko et al. (2011) indeed measured a ε 18 /ε 15 ratio of 1 : 1 for nitrate removal. The relative enrichment of δ 18 O NO 3 versus δ 15 N NO 3 in our experiment is plotted on a significantly (α = 0.05) lower slope of ∼ 0.83 : 1 (Fig. 5) . Despite its proximity to the coast, Eckernförde Bay is governed by marine influences and would thus be expected to follow the 1 : 1 ratio.
Different mechanisms could drive the ε 18 /ε 15 ratio off the expected 1 : 1 ratio. In freshwater soils, aquifers and water bodies, ε 18 /ε 15 values were ∼ 0.6 during denitrification (Lehmann et al., 2003) . The reason for this difference between marine and freshwater environments is still under debate. Granger et al. (2008) identified deviant ε 18 /ε 15 values between different enzymes that are involved in nitrate reduction: activity of the periplasmic nitrate reductase (Nap) in Rhodobacter sphaeroides resulted in an ε 18 /ε 15 value of ∼ 0.6, whereas the membrane-bound respiratory nitrate reductase (Nar) in classical heterotrophic denitrifiers produced ε 18 /ε 15 values of ∼ 1. The authors conclude that an additional expression of Nap in classical denitrifiers can lead to deviations in ε 18 /ε 15 from the 1 : 1 ratio.
Although Nap is not part of respiratory nitrate reduction during denitrification, these findings illustrate that different nitrate reductase enzymes can lead to variation in isotope fractionation of oxygen and nitrogen during denitrification. Accordingly, variations in enzyme equipment between different strains of denitrifiers, in marine and freshwater communities (Wunderlich et al., 2012) , still seem a likely explanation of the variant ε 18 /ε 15 ratio.
Eckernförde Bay, while representative of the situation in the western Baltic Sea, is less saline (∼ 14-24, Treude et al., 2005) than the open ocean, so we hypothesize that the ε 18 /ε 15 value in Eckernförde Bay may be a legacy of its intermediate status between these different environments. If this hypothesis holds, similar relationships between δ 15 N NO 3 and δ 18 O NO 3 should be generated during water column denitrification in enclosed seas like the Baltic or Black Sea, but to the best of our knowledge, there are no published studies addressing this issue. Our data accordingly add more evidence to the occurrence of what Granger et al. (2008) referred to as "the freshwater conundrum", but nitrate isotope data alone cannot help us to solve questions regarding the underlying mechanisms for this difference between marine and fresh waters. The influence of salinity on isotope effects, both in itself and as a proxy of marine conditions, will need to be analyzed in further detail, if isotope trends are to be used as proxies of nitrogen turnover in coastal waters.
Implications for water column nitrate composition
Our incubation assay, while well-fitted to derive the intrinsic isotope effects, does not represent natural conditions because of the disruption of natural biogeochemical gradients. Consequently, our experimental setup precludes the extrapolation of potential flux of enriched nitrate from the sediment to the water column. Nevertheless, the water column profile of DIN concentration in April (Fig. 2) shows elevated DIN concentration near the sediment surface, with relatively heavy isotope signatures of 7.7 ‰ and 13.5 ‰ in δ 15 N NO 3 and δ 18 O NO 3 , respectively. Two mechanisms for these elevated nitrate isotope values in bottom waters shall be explored. One possibility is nitrification of ammonium at the very surface of the sediment; the other is an impact of preferential use of light nitrate in sedimentary denitrification, i.e., an impact of fractionation during sedimentary denitrification. Nitrification in surface sediments would require ammonium as a substrate, and sediments at Boknis Eck are a source of ammonium , which also shows in bottom water concentrations (Fig. 2) . As oxygen is still abundant, this ammonium can potentially be oxidized to nitrite and nitrate by nitrifying microorganisms. We did not measure ammonium isotope signatures in the water column, but assuming that remineralization does not coincide with significant fractionation (Kendall, 1998; Lehmann et al., 2004) , the isotope value of surface sediments should be transferred to ammonium. Sediments in the Kattegat region have a δ 15 N of ≈ 7 ‰ (Voss et al., 2005) . Assuming this value for dissolved ammonium, nitrification should produce isotopically lighter nitrate, as the fractionation factor for ammonium oxidation ranges between 14 and 35 ‰ (Casciotti et al., 2003) . Thus, this appears like an unlikely explanation of the relatively heavy isotope values, as it would also require the sediments to be a net nitrate source, which is improbable in Boknis Eck sediments (cf. Dale et al., 2011) .
If this water column nitrate on the other hand is influenced by the fractionation occurring during sedimentary denitrification, the water should be relatively enriched in δ 15 N NO 3 . Bottom water nitrate in April has a δ 15 N NO 3 of 7.7 ‰, and while this is derived from a single measurement and thus is a tentative result, it points towards a contribution of enriched nitrate to the total pool, elevating δ 15 N NO 3 both above the marine background of 5 ‰ and depleted isotope values 7 ‰ as we might expect them from nitrification of ammonium. The high δ 18 O NO 3 value (13.5 ‰ in bottom water) also suggests that a fractionating process impacted bottom water nitrate. Such enrichment cannot be explained by nitrification, because during nitrification, five out of six, if not more, oxygen atoms in freshly produced nitrate stem from ambient water (Casciotti et al., 2002) . This water has a relatively low δ 18 O value of, depending on the influence of freshwater, 0 ‰ or less (Harwood et al., 2008) . One oxygen atom can derive from dissolved O 2 , which has a δ 18 O of 23.5 ‰ (Kroopnick and Craig, 1972) . The weighted average of these sources yields an isotope value far below the observed 13.5 ‰ for δ 18 O NO 3 . Hence, it is implausible that this relatively enriched oxygen value of nitrate can be derived directly from nitrification.
Coupling of nitrite and nitrate isotope effects
Throughout our experiment, the nitrite concentration remained constant, and there was no intermediate nitrite accumulation (Fig. 3a) . Despite these static concentrations, δ 15 N NO 2 changed rapidly and followed δ 15 N NO 3 very closely. This proves that nitrite is an active intermediate in dissimilation, and that we did not measure a refractory nitrite pool that was below the threshold for bacterial uptake. It is evident that nitrate and subsequent nitrite reduction are closely coupled, as isotope values of nitrite closely follow that of nitrate throughout the incubation.
The calculated ε 15 values for nitrite and nitrate are almost identical, which is also influenced by calculating ε 15 NO 2 on the basis of the remaining nitrate concentration. Nevertheless, if there were no fractionation apart from that coupled to nitrate reduction involved between extracellular nitrate and nitrite, the difference between δ 15 N NO 3 and δ 15 N NO 2 should equal the inferred value of ε 15 N NO 3 . Surprisingly, this is not the case: δ 15 N NO 3 − δ 15 N NO 2 is consistently lower than the nitrate fractionation factor derived from the Rayleigh plot (Fig. 4) , 14.2 ± 1.3 ‰ compared to ε 15 N NO 3 = 18.9 ‰ (average of both incubations), leaving a difference of 4-5 ‰.
Reasons for this discrepancy may lie in the molecular basis of denitrification in the denitrifying cells. Denitrifiers are a polyphyletic group (e.g., Zumft, 1997; Thamdrup and Dalsgaard, 2008) , but mostly belonging to the Gram-negative Proteobacteria. For simplicity, we will thus restrict the discussion on the impact of intracellular transport and turnover to this group (see Fig. 6 ). During denitrification, the first step is the uptake of nitrate across the cell wall into the cytoplasm, because the respiratory nitrate reductase Nar, which catalyzes the first step of denitrification, is an integral membrane protein with its active site directed towards the cytoplasm. After reduction, nitrite has to be transported out of the cell into the periplasm, where the nitrite reductase (Nir) is located (Wunderlich et al., 2012; Zumft, 1997) . Additionally, denitrifiers can also possess a second nitrate reducing enzyme, the periplasmic Nap, but this enzyme is not involved in energy conservation, as it does not translocate protons across the inner membrane. As discussed previously, Granger et al. (2008) speculated that an involvement of Nap in nitrate reduction in denitrifiers might lower the observed isotope effect. However, classical denitrifiers generally seem to rely on nitrate reduction by Nar, with little contribution of Nap during anaerobic growth (Moreno-Vivián et al., 1999; Shapleigh, 2006 ).
We will accordingly explore two hypotheses for the intriguing difference between the Rayleigh fractionation factor of nitrate and (δ 15 N NO 3 -δ 15 N NO 2 ): (1) reversibility of nitrate reduction on the enzyme level and (2) further fractionation during nitrite processing.
Reversibility of nitrate reduction
Within the cytoplasm, nitrate is reduced to nitrite, and the difference in isotope values of intracellular nitrate and nitrite should correspond to the enzyme-level isotope effect of Nar, for example, 19 ‰. During re-oxidation of nitrite, inverse isotope fractionation occurs (Casciotti, 2009) , so nitrate, the substrate of Nar, would become more enriched as the reaction proceeds, producing less depleted nitrite than without reoxidation. While studies addressing this fractionator during re-oxidation refer to natural environments, the same mechanisms might apply for reverse reactions on the enzyme level. Such intracellular re-oxidation of nitrite would lower the offset between nitrite and extracellular nitrate, so it would, from a mathematical point of view, explain our data nicely.
Unfortunately, there is no evidence of reversibility of nitrate reduction denitrification on a cellular level. Nitrite exchanges oxygen atoms with ambient water, so any reoxidation should be visible in oxygen atoms in nitrite. Different recent studies (Knöller et al., 2011; Wunderlich et al., 2012) closely investigated the potential for nitrite reoxidation, and concur that there is no re-oxidation of nitrite during dissimilatory nitrate reduction within bacterial cells under anoxic conditions.
Fractionation during nitrite processing?
Another explanation of the unexpected offset between nitrite and nitrate isotope values is that further fractionation occurs during denitrification, i.e., that nitrite is subject to another independent fractionation factor within the cell. We will evaluate this option based on individual process rates within the cell.
At the beginning of the reaction, nitrate is actively transported into the cell (k 1 in Fig. 6 ), and the loss rate of nitrate back out of the cell is assumed to be much lower (i.e., k 1 k −1 , cf. Granger et al., 2008; Wunderlich et al., 2012) . Within the cytoplasm, nitrate is reduced by Nar at rate k 2 , assumingly with an isotope effect of ∼ 19 ‰. Accordingly, the initially produced intracellular nitrite should have an isotope value that is 19 ‰ below that of nitrate. For further reduction, nitrite will now be actively transported to the periplasm, where it is reduced to NO by Nir. Both processes, export to the periplasm and nitrite reduction rate, are controlled via activity of a NarK-type transporter protein (Moir and Wood, 2001; Zumft, 1997) and Nir activity, respectively. A stable equilibrium between both reactions (i.e., the rates k 3 and k 5 ) could theoretically explain the constant isotope offset: if the fraction of exported vs. reduced nitrite remains constant, the same holds for the fraction of substrate versus the original concentration resulting in a constant value for ln(f ). This might produce a constant isotope offset as we see it in our experiment.
However, no nitrite was accumulated in our incubations, pointing towards very rapid uptake of freshly produced nitrite. k 4 and k −4 are obviously identical, and the turnover rate k 5 will be much faster than the loss rate k 4 . The dynamic change of δ 15 N NO 2 in contrast to concentration during the experiment shows that some nitrite does escape from the cell, but it is apparently continuously taken up again (k 4 and k −4 in Fig. 6 ), preventing intermediate nitrite accumulation. If this small amount of nitrite escaping from the periplasm had such a large effect on isotope signatures of external nitrite, the intrinsic fractionation would need to be large, and this is rather unlikely. Given that nitrite reduction apparently occurs at a much higher rate than the turnover of nitrite (k 5 k 4 ), we conclude that the offset is most likely due to a delayed response of the extracellular nitrite pool: the import/export does not keep track with the much faster internal processing of nitrate and nitrite. This scenario explains both the nitrate and the nitrite isotope data in our incubation, and needs to be kept in mind in further investigations that aim to address the specific isotope effect of individual reduction steps. Hopefully, further analytical advances will permit a more detailed analysis of these intermediates and isotope fractionation during individual steps of denitrification, adding further evidence to our data.
Conclusions
This study of isotope changes during denitrification confirmed that isotope fractionation during nitrate reduction coincides with a comparable fractionation as water column denitrification, and that this is not merely characteristic of deepsea sites with relatively low reactivity, but also of coastal sites that receive significant amounts of organic matter, which can fuel denitrification. Concomitant analysis of nitrate isotope values in bottom water showed that nitrate is enriched over the marine background value. This cannot be explained by nitrate production via nitrification alone, because ammonium is abundant and the associated fractionation should lower nitrate isotope values. These data provide first evidence that the current view of sedimentary denitrification having little to no impact on water column nitrate isotope values might need to be re-evaluated, which is an exciting area for future studies.
Apart from these tentative first data, our experiment allowed some conclusions on intracellular processing during denitrification. We measured isotope values of both substrate and first intermediate of denitrification, nitrate and nitrite, and find an offset between the respective isotope values. We attribute this to a delayed response of the extracellular nitrite pool due to rapid turnover within the cell, which has previously been overlooked due to analytical limitations.
